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The conventional signature for grand unified theories ~GUTs! is proton decay. Recently, some models in
extra dimensions or with specific discrete symmetries, which aim at solving the doublet-triplet problem, allow
a color triplet in the TeV mass region by suppressing the Yukawa couplings of the triplets to matter fermions.
We study the hadronic production and detection of these TeV colored Higgs bosons as an alternative signature
for GUTs; they would behave like massive stable charged particles in particle detectors, producing the striking
signature of a charged track in the central tracking system and being ionized in the outer muon chamber. We
find that the CERN LHC is sensitive to a colored Higgs boson up to about 1.5 TeV. If the color triplets are
stable on a cosmological time scale, they may constitute an interesting fraction of the dark matter.
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The doublet-triplet splitting problem is one of the most
serious problems in supersymmetric ~SUSY! grand unified
theories ~GUTs! @1#. In SUSY GUTs, the weak-doublet
Higgs fields that are responsible for the electroweak symme-
try breaking belong to the 5 and 5¯ representations of SU~5!.
They are composed of the color-triplet under the gauge
group of the standard model ~SM! in addition to the weak
doublet. After the SU~5! symmetry breaking, the weak dou-
blets are still massless while the color triplets have to be
decoupled from physics below the GUT scale, M GUT
;1016 GeV; otherwise, they may induce proton decay at an
experimentally unacceptable level through Yukawa interac-
tions to quarks or leptons in the SM. Most attempts at the
doublet-triplet problem in the literature have been focused on
how to naturally explain the hierarchy between the weak-
doublet and the color-triplet Higgs boson masses after the
GUT symmetry breaking @2#.
An alternative approach to the doublet-triplet splitting
problem, instead of requiring the triplet to have a mass at the
GUT scale, is to suppress the Yukawa couplings of the color-
triplet Higgs fields to the SM quarks or leptons in order to
preserve proton longevity. Thus, no mass splitting between
the weak-doublet and color-triplet Higgs boson fields is re-
quired. The natural scale of the color-triplet Higgs boson
mass in this approach is the electroweak scale, say,
O(100 GeV);O(1 TeV). Suppression of the Yukawa cou-
plings of the triplet is possible via the following mecha-
nisms.
The SM fermion masses are generated from higher di-
mensional operators involving the GUT Higgs field in the
adjoint representation, the vacuum expectation value ~VEV!
of which can be arranged such that the Yukawa couplings of
the doublets get the usual values while the Yukawa couplings
of the triplets are zero @3#.
The overlap of the wave functions of the color-triplet0556-2821/2003/67~7!/075003~8!/$20.00 67 0750Higgs fields with the SM fermions in extra dimensions are
sufficiently small @4#.
Another type of model is based on orbifolding in AdS
space. By assigning different spatial parities to various com-
ponents of the Higgs multiplet, the wave functions of the
color-triplet Higgs fields are zero at the Planck brane, on
which the matter fermions reside @5#. Thus, the excessive
proton decay via the the colored Higgs boson is highly sup-
pressed. In addition, the mass of the color-triplet fields is
given by the warp factor of the AdS and is naturally of the
TeV scale.
We shall describe these models in some detail in the next
section.
The generic feature of these models for the doublet-triplet
problem is the presence of colored Higgs bosons on the TeV
scale. In fact, this is an alternative novel signature to the
conventional signature of proton decay in a GUT,1 and can
be tested at the upcoming CERN Large Hadron Collider
~LHC!. It is then worthwhile to investigate the phenomenol-
ogy of TeV colored Higgs bosons in collider experiments at
the high energy frontier. In hadronic collisions, the colored
Higgs bosons are produced via glue-glue fusion and
s-channel qq¯ annihilation. On the other hand, it is also pos-
sible to produce pairs of colored Higgs bosons at TeV e1e2
linear colliders and gg colliders via U(1)Y gauge boson ex-
change, but the production rates are suppressed relative to
hadronic production because of the small U(1)Y coupling.
In this paper, we calculate the production and describe the
detection of TeV colored Higgs bosons in hadron colliders.
As we already mentioned, the colored Higgs bosons do not
have sizable Yukawa couplings to the SM fermions in order
that would suppress fast proton decay. Thus, the only al-
1In the conventional GUT, there are other features such as gauge-
coupling unification, existence of new scalars, gauge bosons, fermi-
ons, or leptoquarks, which are also signatures of the GUT.©2003 The American Physical Society03-1
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ronic collisions are via SU(3)C invariant interactions. The
colored Higgs bosons have a distinctive feature that gives
rise to a novel signature like a ‘‘heavy muon.’’ Since they
have no Yukawa couplings and can only couple pairwise to
gluons, colored Higgs bosons cannot decay into SM particles
directly. They may be able to decay into a gluino and a
colored Higgsino through gaugino-matter interactions, but
only if it is kinematically allowed. However, in our analysis,
we assume that the colored Higgs boson has a mass less than
the sum of the gluino and colored Higgsino masses, so that
such a decay channel is forbidden. This is a reasonable as-
sumption because we expect the colored Higgsino to have a
mass scale as heavy as the colored Higgs boson. Therefore,
the colored Higgs bosons produced in hadron colliders are
stable, and will be hadronized into color-neutral massive par-
ticles by combining with gluons or light quarks. Statistically,
we also assume that half of the time the colored Higgs boson
will be an electrically charged particle after hadronization.2
This is the reason that it will behave like a ‘‘heavy muon’’ in
the detector. The novel signature will then be an observable
charged track in the central tracking chamber and/or the sili-
con vertex detector and penetration to the outer muon
chamber—a heavy muon. Taking into account all these prop-
erties, we study the discovery potential of the colored Higgs
bosons in upcoming hadron colliders, the LHC and the Very
Large Hadron Collider ~VLHC!.
This paper is organized as follows. In the next section, we
briefly describe the three models mentioned above that allow
light color-triplet Higgs fields. In Sec. III, we review the
interactions of colored Higgs bosons and briefly discuss the
indirect constraints. In Sec. IV, we discuss the conditions for
detection of colored Higgs bosons. The hadronic production
of colored Higgs bosons and their detectability in collider
experiments will be discussed in Sec. V. The last section is
devoted to a summary and discussion.
II. MODELS OF TeV COLOR TRIPLET
In this section, we highlight three models that allow light
~TeV! color-triplet Higgs bosons, those of Dvali @3#, Haba
and Maru @4#, and Goldberger, Nomura, and Smith @5#.
In supersymmetric GUT models, the Higgs doublets that
give Yukawa couplings to fermions are accompanied by a
color triplet in the same multiplet. The color triplet couples
to fermions with the same Yukawa couplings as the doublet
before the GUT symmetry is broken. That is why the color
triplet has to be extremely heavy in order to avoid proton
decay. However, the proton decay problem can also be
solved if the Yukawa couplings of the color triplet are sup-
pressed relative to those of the doublet by a ratio
M W /M GUT , and thus the color triplet need not be heavy and
2The probability of hadronizing into a charged particle depends on
the spectrum of the bound states of the colored Higgs boson with
the light degrees of freedom. However, there do not exist any real-
istic calculations of the spectrum, and so we take the probability to
be 1/2.07500can be as light as the doublet. Imposing a specific discrete
symmetry to forbid the lowest order Yukawa term 16a16b10,
the Yukawa couplings of the doublet have to be generated via
higher dimensional terms. Dvali @3# constructed a higher di-
mensional SO~10! invariant operator
Y ab
M 10i45ik16
agk16b
where M;M GUT , the matter fermions reside in the
16, a ,b are family indices, 10i consists of color triplets (i
51, . . . ,6) and doublets (i57, . . . ,10), and 45 is the GUT
Higgs field in the adjoint representation of SO~10!. This term
can arise from tree-level exchanges of heavier states at
M GUT . Taking a VEV for the 45 of
^45ik&5diag~0,0,0,A ,A ! ^ e ,
where A;M GUT and e is the 232 antisymmetric matrix,
and substituting into the above operator, it is easy to see that
the doublet gets a Yukawa coupling Y abA/M while the color
triplet has zero Yukawa couplings. In this case, the color
triplet would not cause any proton decay and thus can be as
light as the doublet. Of course, the usual 16a16b10 Yukawa
term is absent because of the specific discrete symmetry.
Dvali was using Z23Z3 @3#.
Another interesting solution to the doublet-triplet problem
was recently proposed by Haba and Maru @4#. Although it is
of similar spirit, the setup is entirely different. Basically, in
the setup of extra dimensions the proton stability is main-
tained by suppressing the Yukawa couplings of the color trip-
let to matter fermions through a small overlap of wave func-
tions in the extra dimensions. These authors started with a
SU~5! model in five dimensions with the Higgs doublets and
triplets in 5 and 5¯, the usual SU~5! GUT adjoint Higgs field
being assumed to localize on the brane at y50 (y is the
coordinate in the extra dimension!, and a pair of bulk fields
in 24. Through interactions with the bulk fields ~very similar
to the idea of domain-wall fermions!, the zeroth modes of the
Higgs doublets are localized in a position close to the brane
at y50, where the matter fermions are confined, while the
color-triplet Higgs fields are localized at a further distance
from the brane at y50. By varying the distance between the
doublets and triplets, the Yukawa couplings of the triplets
can be sufficiently suppressed to avoid proton decay while
the doublets can generate the usual Yukawa couplings to the
matter fermions. Therefore, the color triplets need not be
heavy and can be as light as the weak doublets.
The third type of model is based on orbifolding. By as-
signment of different spatial parities ~or boundary condi-
tions! to various components of a multiplet, the component
fields can have very different properties at the fixed points.
Thus, it is possible to break a symmetry or to achieve
doublet-triplet splitting by the boundary conditions. In the
model of Goldberger et al. @5#, they started from the Randall-
Sundrum scenario @6#: a slice of AdS space with two branes
~the Planck brane and the TeV brane!, one at each end. The
extra dimension is compactified on an S1/Z2 orbifold. The
hierarchy of scales is generated by the AdS warp factor k,3-2
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such that the 4D Planck scale is given by M Pl
2 ;M 5
3/k . The
fundamental scale on the Planck brane is M Pl while the fun-
damental scale on the TeV brane is rescaled to TeV by the
warp factor T[ke2pkR, where R is the size of the extra
dimension. The model is a 5D supersymmetric SU~5! gauge
theory compactified on the orbifold S1/Z2 in AdS space. The
boundary conditions break the SU~5! symmetry and provide
a natural mechanism for the Higgs doublet-triplet splitting
and suppress the proton decay. The Planck brane respects the
SM gauge symmetry while the TeV brane respects the SU~5!
symmetry. The matter fermions reside on the Planck brane.
By the boundary conditions the wave function of the color-
triplet Higgs fields are automatically zero at the Planck
brane, on which the matter fermions reside, while the doublet
Higgs fields are nonzero at the Planck brane and give
Yukawa couplings to the matter fermions. Thus, the exces-
sive proton decay via the color-triplet Higgs fields is highly
suppressed, and the doublet-triplet splitting occurs naturally
because of the boundary conditions. The mass of the color-
triplet fields ~and the XY gauge bosons! is given by the warp
factor and is on a TeV scale, like the Kaluza-Klein states of
other fields in the setup. This model is very similar, in spirit,
to the second model in suppressing the proton decay by a
very small or zero overlap of the wave functions, but the
mechanism is more natural in this model. In addition, the
mass of the color triplet is also naturally given by the warp
factor on the TeV scale.
III. REVIEW OF LIGHT COLORED HIGGS BOSONS
The two Higgs fields in a SUSY GUT, H(5) and H(5¯),
are composed of the weak doublet and the color triplet as
follows:
H~5!5~HC ,Hu!, ~1!
H~5¯!5~H¯ C ,Hd!, ~2!
where the weak doublets Hu and Hd are responsible for the
up- and down-type quark ~lepton! masses, respectively. The
color triplets HC and H¯ C could be as light as O(TeV) via the
mechanisms that we have described above. The price for the
TeV colored Higgs bosons is the absence of the Yukawa
interactions of HC and H¯ C with the SM fermions. The col-
ored Higgs boson couples to the gluon Am
a through the fol-
lowing interactions:
L52igsHC*]JmHCTaAam1gs2TaTbHC*HCAma Abm, ~3!
where Ta is the generator of SU~3!, and A]JmB[A(]mB)
2(]mA)B . The interactions for H¯ C are the same as for HC in
Eq. ~3!. The production of colored Higgs bosons in the low-
est order is via s-channel qq¯ annihilation and glue-glue fu-
sion, shown by the Feynman diagrams in Figs. 1 and 2.
In addition to Eq. ~3! the colored Higgs boson also inter-
acts with the colored Higgsino h˜C and the gluino g˜ :07500L52A2gs~HC*g˜ aTah˜C1h˜Cg˜ aTaHC!. ~4!
However, as we already mentioned, we have assumed that
the colored Higgs bosons do not decay into colored Higgsi-
nos and gluinos because it is not allowed kinematically.
Are there any indirect constraints on the colored Higgs
bosons from high energy experiments? Let us consider the
Z-pole experiments at LEP1 and SLC, where the radiative
corrections to the gauge boson propagators and the Z
→ f f¯ ( f denotes a quark or lepton! vertices are severely con-
strained. The contributions to the gauge boson propagators
are summarized by the S ,T ,U parameters @7#. It is well
known that the SU(2)L singlet scalars do not contribute to
the S ,T ,U parameters @8# such that the colored Higgs boson
is free from the constraints. Since the Yukawa interactions of
HC and H¯ C with the quarks and leptons are highly sup-
pressed, they do not contribute to the Z→ f f¯ processes. For
the same reason, there is no constraint on the colored Higgs
bosons from flavor physics experiments. We therefore con-
clude that no indirect constraints are implied for the colored
Higgs boson mass from current experiments.
We comment on the gauge coupling unification before
closing this section. It is well known that the success of
gauge coupling unification in the minimal supersymmetric
standard model ~MSSM! can be preserved if complete mul-
tiplets of SU~5! ~e.g., 5, 10, . . . ) are added to the spectrum
of the MSSM. When HC and H¯ C are on the TeV scale, there
must be a vector pair of weak doublets on the same scale to
form the 5 and 5¯ multiplets so that the gauge coupling uni-
fication is unaltered. The origin of this weak vectorlike pair
is discussed in both Refs. @3# and @4#.
IV. DETECTION OF MASSIVE CHARGED PARTICLES
The colored Higgs boson will hadronize into a massive
stable particle, which is electrically either neutral or charged.
Both the neutral and charged particles will undergo hadronic
interactions with detector materials while the charged par-
ticle will also undergo ionization, through which the particle
loses its kinetic energy. Such a massive stable particle will
have a high transverse momentum and a small velocity ~or
b5v/c). Furthermore, if it is charged it will penetrate de-
tector materials like a muon.
First, we discuss the hadronic energy loss of a massive
stable particle in the detector ~both neutral and charged par-
ticles should have similar behavior!. Although it is strongly
interacting, it penetrates the material with a very small loss
FIG. 1. Feynman diagram for qq¯→HCHC* .3-3
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scattering is negligible because of the small momentum
transfer. In addition, the energy loss in elastic or inelastic
scattering with nucleons is also small because of the huge
mass difference between the massive particle ~TeV! and the
nucleon. Thus, the energy loss via hadronic collisions does
not lead to detection of the massive particle. If the colored
Higgs boson hadronizes into a neutral particle, it will escape
the detector undetected. The detection of colored Higgs
bosons has to rely upon the charged state, which will be
described next.
The energy loss dE/dx due to ionization with the detector
material is very standard @9#. Essentially, the penetrating par-
ticle loses energy by exciting the electrons of the material.
The basic formula can be found in Eq. ~26.1! in the Particle
Data Book ~PDB! @9#. We shall ignore the small correction
from the density effect. The ionization energy loss dE/dx is
a function of bg and the charge Q of the penetrating particle.
The dependence on the mass M of the penetrating particle
comes in through bg for a large mass M and small g @9#. In
other words, dE/dx is the same for different masses if the
bg and b values of these particles are the same. In Fig. 3,
we show dE/dx for a wide mass range 1023 –104 GeV as a
function of bg . For the range of bg between 0.1 and 1 that
we are interested in, dE/dx has almost no explicit depen-
dence on the mass M of the penetrating particle. Therefore,
when dE/dx is measured in an experiment, bg can be de-
duced, which then gives the mass of the particle if the mo-
mentum p is also measured. Hence, dE/dx is a good tool for
particle identification for massive stable charged particles.
In fact, the Collider Detector at Fermilab ~CDF! Collabo-
ration has done some searches for massive stable charged
particles @10–12#. The CDF analyses require that the particle
produces a track in the central tracking chamber and/or the
silicon vertex detector, and at the same time penetrates to the
outer muon chamber. The CDF detector has a central track-07500ing chamber and a silicon vertex detector ~the central track-
ing chamber has a slightly better resolution in this regard!,
which can measure the energy loss (dE/dx) of a particle via
ionization, especially at low bg,0.85 (b,0.65) where
dE/dx;1/b2. Once dE/dx is measured, the mass M of the
particle can be determined if the momentum p is measured
simultaneously. Furthermore, the particle is required to pen-
etrate through the detector material and make it to the outer
muon chamber, provided that it has an initial b.0.25–0.45
depending on the mass of the particle @10#. Therefore, the
CDF requirement on b or bg is
FIG. 3. dE/dx calculated using the formula in the PDB for a
range of M51023 –104 GeV. M51023 GeV is for the bottom line
and M5104 GeV for the top line. This graph is for Si ~we used a
value of I52 eV for illustration!.3-4
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The lower limit is to make sure that the penetrating particle
can make it to the outer muon chamber while the upper limit
makes sure that the ionization loss in the tracking chamber is
sufficient for detection. We employ a similar requirement in
our analysis, which we illustrate next.
Here we verify that the lower limit on bg is valid for a 1
TeV charged particle with Q51. We use the dE/dx formula
in the PDB for Si ~we choose the value I52 eV for illustra-
tion purposes!. We calculate the minimum value of bg for a
singly charged particle of mass M to penetrate silicon of 5 m
thickness ~this is roughly equivalent to 1.5 m of Fe because
the density of Fe is 3.4 times that of Si!. The calculation
procedures are rather straightforward and described as fol-
lows. ~i! The particle of mass M starts with an initial bg . ~ii!
Calculate the value of dE/dx and let the particle penetrate
for a step of 1 cm. ~iii! Evaluate the remaining energy and
calculate the corresponding bg , which is then input to cal-
culate the next dE/dx in the next step ~1 cm!. ~iv! Repeat
until bg goes to zero or the particle penetrates a distance of
5 m. If bg goes to zero before reaching 5 m, the particle
does not have complete penetration, otherwise the particle
completes the penetration. We show the minimum bg values
for complete penetration of 5 m Si or equivalent vs the mass
M of the penetrating particle in Fig. 4. From the figure, the
minimun bg for a particle of mass between 50 and 500 GeV
is about 0.18–0.44, which is consistent with the CDF re-
quirement in Eq. ~5!. For a 1 TeV particle, (bg)min is about
0.14. Therefore, in our analysis we shall choose a conserva-
tive value of (bg)min50.25, and our final cut on bg is
0.25<bg<0.85. ~6!
Here we have chosen the upper limit very close to what CDF
used @10–12#, because dE/dx is almost independent of the
FIG. 4. Minimum bg values for complete penetration of 5 m Si
or equivalent vs the mass M of the penetrating particle.07500mass of the penetrating particle in the range 0.1,bg,1
~see Fig. 3!. Essentially, the upper limit ensures that the par-
ticle deposits a sufficient amount of energy in the central
tracking system and the muon system for detection; beyond
it dE/dx may be too small for detection.
Since the lower cut on bg5p/M is 0.25, the momentum
cut is 250 GeV for a 1 TeV particle. Such a cut on the
momentum already makes it free of background from
m6,p6,K6 together with the cut on bg . Another configu-
ration cut due to the detector ~both CMS and Atlas! is
uhu,2.5. ~7!
We also assume an efficiency of 80% for each massive stable
charged particle to be detected by the central tracking system
and the outer muon system. This efficiency is in addition to
the cuts on h and bg .
There have also been some theoretical studies on searches
for massive stable charged particles, such as the light gluino
as the lightest supersymmetric particle ~LSP! @13# and the
scalar tau in the context of gauge mediated supersymmetry
breaking models @14#.
V. PRODUCTION AT HADRONIC SUPERCOLLIDERS
Pairs of colored Higgs bosons can be produced via qq¯ and
gg fusion. The color- and spin-averaged amplitudes squared
are given by
( uM ~gg→HCHC*!u2
5
gs
4
128 F 24S 12 2 tˆmuˆ msˆ 2 D 283G
3F 12 2sˆmHC2
uˆ mtˆm
S 12sˆmHC2
uˆ mtˆm
D G , ~8!
( uM ~qq¯→HCHC*!u25
4gs
4
9
tˆuˆ 2mHC
4
sˆ 2
. ~9!
In the above equations, we have defined
tˆm[ tˆ2mHC
2 52
sˆ
2 ~12b cos u!, ~10!
uˆ m[uˆ 2mHC
2 52
sˆ
2 ~11b cos u!, ~11!
where u is the scattering angle and b5A124mHC2 /sˆ is the
velocity of the outgoing Higgs bosons in the center-of-mass
frame of the incoming partons.
The parton-level differential cross sections are then given
by3-5
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d cos u ~gg→HCHC*!5
pas
2b
256sˆ F24S 12 2 tˆmuˆ msˆ 2 D 283G
3F 12 2sˆmHC2
uˆ mtˆm
S 12sˆmHC2
uˆ mtˆm
D G ,
~12!
dsˆ
d cos u ~qq
¯→HCHC*!5
2pas
2b
9sˆ
tˆuˆ 2mHC
4
sˆ 2
. ~13!
After integrating over the angle u , the parton-level cross
sections are given by
sˆ ~gg→HCHC*!5
pas
2
sˆ
S b 5sˆ162mHC2
48sˆ
1
mHC
2
6sˆ
4sˆ1mHC
2
sˆ
log
12b
11b D , ~14!
sˆ ~qq¯→HCHC*!5
pas
2b
sˆ
S 227 2 827 mHC2sˆ D . ~15!
The above results agree with the cross sections of squark pair
production in Ref. @15# if only the s-channel process is taken
into account in the qq¯ annihilation. Note that the expressions
for the production cross sections of the H¯ CH¯ C* pair are the
same as for the HCHC* pair. If the mass of H¯ C is the same as
that of HC , the sum of the cross sections is doubled. In the
minimal SUSY SU~5!, they have exactly the same mass.
Even beyond the minimal model, since there is no particular
reason why their masses should be very different, we simply
take them to be equal, and the results presented in the fol-
lowing take into account both HC and H¯ C .
In the calculation, we employ the parton distribution func-
tion of CTEQ version 5 ~set L! @16# and the one-loop renor-
malized running strong coupling constant with as(M Z)
50.119. The total cross section at a center-of-mass energy
As is obtained by convoluting the partonic cross sections in
Eqs. ~14! and ~15! with the parton distribution functions:
s~s !5E
4mHC
2 /s
1
dtE
t
1dx
x
f ~t/x ! f ~x !sˆ ~sˆ !, ~16!
where sˆ5ts is the square of the center-of-mass energy of
parton-parton scattering.
We show in Fig. 5 the production cross sections vs the
mass mHC of the colored Higgs boson at the 2 TeV Tevatron
(pp¯ collisions!, at the LHC (pp collisions!, and in pp colli-
sions at As550,200 TeV. The acceptance cut on the pseudo-
rapidity in Eq. ~7! has been applied. As explained above, this
acceptance is due to the coverage of the central tracking
chamber. We show the cross sections at 50 and 200 TeV
center-of-mass energies, which is, respectively, the lower and07500upper energy range of the VLHC. The VLHC is another pp
accelerator under discussion @17# at Snowmass 2001 @18#.
The preliminary plan is to have an initial stage of about
40–60 TeV center-of-mass energy, and later an increase up
to 200 TeV. The targeted luminosity is ~1–2)
31034 cm22 s21.
The next important distribution in our analysis is the bg
5p/M distribution. We show the normalized differential
cross section (1/s)ds/d(bg) vs bg for mHC
50.5,1,1.5 TeV at the LHC in Fig. 6. The majority of the
cross section is below bg.1.2 as the heavy colored Higgs
bosons are produced not too far away from the threshold.
Thus, the velocity of the Higgs bosons is not very large. It is
obvious that the heavier the boson, the smaller is the average
velocity b . We expect that when we apply the selection cut
of Eq. ~6! on the colored Higgs bosons, a majority of the
cross section will remain. We have verified that, if we require
at least one of the colored Higgs bosons for mHC51 TeV to
satisfy the bg cut of Eq. ~6!, about 60% of the cross section
remains.
FIG. 5. Total cross sections for the production of a colored
Higgs boson pair at the Tevatron, LHC, and in pp collisions at 50
and 200 TeV. A pseudorapidity cut uhu,2.5 is applied.
FIG. 6. Normalized differential cross section (1/s)ds/d(bg)
vs bg5p/mHC for mHC50.5,1,1.5 TeV at the LHC.3-6
HADRONIC PRODUCTION OF LIGHT COLOR-TRIPLET . . . PHYSICAL REVIEW D 67, 075003 ~2003!TABLE I. The number of signal events of massive stable charged particles due to the pair production of
colored Higgs bosons HCHC* and H¯ CH¯ C* at the Fermilab Tevatron, the LHC, and the VLHC of 50 and 200
TeV. We have already taken into account ~i! a probability of 1/2 that a colored Higgs boson will hadronize
into an electrically charged particle, ~ii! at least one of the colored Higgs bosons satisfying the selection cuts
on h and bg , and ~iii! an efficiency factor of 0.8 for each detected track.
Tevatron LHC VLHC 50 TeV VLHC 200 TeV
mHC (TeV) (L520 fb21) (L5100 fb21) (L5100 fb21) (L5100 fb21)
0.2 1900 1.53106 1.53107 1.23108
0.3 160 2.33105 3.13106 2.83107
0.4 14 5.53104 9.63105 9.73106
0.5 0.9 1.73104 3.73105 4.33106
0.6 - 6400 1.73105 2.13106
0.8 - 1200 4.73104 7.13105
1.0 - 285 1.63104 2.93105
1.2 - 81 6800 1.43105
1.4 - 26 3100 7.43104
1.5 - 15 2200 5.63104
1.6 - 8.8 1600 4.33104
1.8 - 3.1 830 2.63104
2.0 - 1.2 470 1.63104
2.5 - - 130 6100
3.0 - - 43 2700
3.5 - - 15 1300
4.0 - - 6.4 690
5.0 - - 1.2 230
6.0 - - - 90
7.0 - - - 40
8.0 - - - 19
9.0 - - - 9.7
10.0 - - - 5.2Since we have assumed that the detection efficiency of a
track is 80% in addition to the acceptance cuts on h and bg ,
the combined efficiency to see two tracks would be (0.8)2
50.64. In order to increase the efficiency we require to see
only one of them, and the efficiency to detect at least one of
them is then 0.96. Therefore, if there is only one Higgs bo-
son satisfying the bg cut in the final state, the detection
efficiency will be 80%. If there are two Higgs bosons satis-
fying the bg cut in the final state, the detection efficiency for
at least one of them will be 96%. Thus, the overall efficiency
is more than 50%, which is sufficient for a sizable cross
section. We show the final cross sections for various energies
and mass mHC with the selection cuts applied and the effi-
ciencies in Table I. The number of observed events shown in
Table I includes the following factors: ~i! a probability of 1/2
that a colored Higgs boson will hadronize into an electrically
charged particle; ~ii! the requirement that at least one of the
colored Higgs bosons satisfies the selection cuts on h of Eq.
~7! and on bg of Eq. ~6!; ~iii! an efficiency factor of 0.8 for
each detected track ~requiring detection of at least one track!;
and ~iv! both channels of HCHC* and H¯ CH¯ C* production.
Since the search is background-free, the discovery or evi-
dence of existence of colored Higgs bosons depends cru-
cially on the number of observed events, which we choose to07500be 10 events. Run II with an integrated luminosity of
20 fb21 at the Tevatron is sensitive up to about 400 GeV,
while the LHC with an integrated luminosity of 100 fb21
can probe up to about 1.5 TeV. The VLHC running at 50 TeV
and 200 TeV is sensitive to a colored Higgs boson of mass
up to 3.5 and 9 TeV, respectively.
VI. SUMMARY
The presence of light color-triplet Higgs fields at the TeV
mass scale is an alternative signature for GUTs, instead of
proton decay. This is made possible through some mecha-
nisms to suppress the Yukawa couplings of the triplets to the
matter fermions. We have reviewed three possible models by
Dvali @3#, by Haba and Maru @4#, and by Goldberger, No-
mura, and Smith @5#. The first used a discrete symmetry
while the last two used a setup in extra dimensions to
achieve the suppression.
The novel signature of these TeV colored Higgs bosons
would look like massive stable charged particles, ‘‘heavy
muons,’’ producing a track in the central tracking chamber
and penetrating to the outer muon system. Such a signature is
background-free and the momentum can be measured, which
enables determination of the mass of the particle via the3-7
K. CHEUNG AND G.-C. CHO PHYSICAL REVIEW D 67, 075003 ~2003!ionization-energy loss spectrum. We demonstrated in detail
that we employed a reasonably conservative requirement on
the bg5p/M cut on the massive charged particle such that it
can penetrate to the outer muon system and produce a
charged track in the central tracking chamber.
We calculated the production cross sections and the num-
ber of signal events of the colored Higgs bosons. We took
into account the fact that only one-half of the colored Higgs
bosons will hadronize into charged particles, and an effi-
ciency of 80% to detect a track. The number of observable
events is increased by relaxing the requirement of seeing
both colored Higgs bosons to seeing at least one. The Teva-
tron run IIb may be able to discover a colored Higgs boson
up to about 400 GeV if on the order of 10 events is required
for discovery. The LHC with an accumulated luminosity of
100 fb21 is sensitive to about 1.5 TeV. The VLHC running at
50 and 200 TeV is sensitive up to 3.5 and 9 TeV, respectively.
A few more comments are in order.
~i! In this work, we have assumed that the colored Higgs
bosons are stable. An alternative is that the colored Higgs
boson decays into a gluino and a colored Higgsino if kine-
matically allowed. The colored Higgsino is the supersym-07500metric partner of the colored Higgs boson. This decay would
also be phenomenologically interesting because the colored
Higgsino would be likely to hadronize into a massive stable
charged particle, because there are no other lighter particles
that it can decay to, and the gluino would decay into quarks
and squarks, producing jets and missing energies.
~ii! Since the colored Higgs bosons are stable over a cos-
mological time scale, they have a relic density since the early
universe. Our preliminary estimate of the relic density of HC
is of order of VHCh
2;0.01–0.05 for mHC51 –2 TeV @19#,
which is an interesting fraction of the observed cold dark
matter density VCDMh250.1260.04 at 95% C.L. @20#.
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